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VACUUM ULTRAVIOLET  RADIATION   IN THE  EXPANSION TUBE 

ABSTRACT 

The findings are presented of an optical survey of vacuum ultra- 
violet (VUV) radiation emitted from the shock layer of a 1-1/2" 
diameter sphere in hypersonic flows of air, argon, nitrogen and argon- 
nitrogen mixtures.  Free stream velocities of 17,000 - 20,000 ft/sec 
and densities corresponding to altitudes ^ 90,000 ft. were obtained in 
the BRL expansion tube facility; steady flow conditions prevailed over 
the model for about 75 ysec. The radiation was recorded on sensitized 
film down to a lower limit of 1100 Ä. The purpose of the survey was to 
explore the feasibility of using this facility to measure time and space 
resolved radiation of the non-equilibrium, vibrationally-excited N2 in 
the shock layer; part of this radiation is conjectured to ionize O2 
ahead of the shock around a hypersonic vehicle, thus enhancing its radar 
signature. Methods and problems of measuring VUV from this shock layer 
are discussed. 
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I.  INTRODUCTION 

Unexpected radar cross-section from ballistic reentry vehicles 
spurred interest in nonequilibrium radiation from the shock layer, es- 
pecially the emission from vibrationally-excited nitrogen (N2) in the 
Birge-Hopfield band system. This radiation can photoionize oxygen (O2) 
ahead of the bow shock wave causing an electron field which influences 
a tracking radar return signal. 

This problem has been studied in the laboratory by exciting vibra- 
tions! enexw  levels behind normal shock waves -nro'nsastino into N = 
Recent measurements of the spectral absorption coefficient in the 
Birge-Hopfield band system which extend below 1027 Ä1*, the photoioniza- 
tion threshold of O2 (Figure 1), overlaps earlier measurements at higher 
wavelengths2. Relating such absorption measurements to spectral emis- 
sion presupposes local thermal equilibrium in the shock layer. In 
reality, the shock layer of a reentry vehicle is necessarily in a state 
of nonequilibrium since the Birge-Hopfield vibrational levels are 
energetically higher than the dissociation level of N2. Consequently, 
it is important to simulate the actual case and to measure the 
spectrally-andspatially-resolved radiation emitted from the shock layer. 

The purpose here is to report on equipment and procedures necessary 
to do an experiment in the troublesome vacuum ultraviolet (VUV) region 
of the spectrum, determine the impurities present in the expansion tube 
which may confound measurements of Birge-Hopfield emission, and estab- 
lish procedures for recording VUV radiation on film. Having the latter 
capability is essential to making dynamic-shock, hook-fringe-interfer- 
ometry measurements of oscillator strengths. 

Impurity number density in the expansion tube has been measured 
previously3; however, these were in the visible region of the spectrum 
only. Many of the impurity elements commonly found in hypersonic flow 
facilities emit prominently in the ultraviolet. In addition, those 
measurements were pade prior to adopting the modified expansion tube 
mode of operation which eliminated mylar secondary diaphragms, a primary 
source of CN radiation. 

II.  APPROACH — PROBLEMS IN THE VACUUM ULTRAVIOLET 

Optical experiments in the ultraviolet region of the electromag- 
netic spectrum (approximately 200 - 3900 Ä) impose rather stringent 
requirements on the experimenter (see for example a very complete 
review by Boyce1*). In general, careful attention must be paid to 
absorption by the optical elements and by the intervening atmosphere 

*Referenee8 are listed on page 25. 
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Below about 3400 A most glass does not transmit. Indeed, in the 
wavelength region of interest, only magnesium fluoride (MgF2) and 
lithium fluoride (LiF) transmit efficiently— their respective lower 
transmission cutoffs are about 1150 A and 1050 Ä. LiF has the advantage 
of a lower cutoff level; however, it has the disadvantages of being 
hygroscopic (reacts with H2O to form HF , an etching agent), and under 
prolonged exposure to intense UV radiation, its transmission degrades -- 
the cutoff shifts toward higher wavelength by as much as several hundred 
Ä. Degradation is attributed to color-center formation in the material, 
a volume effect; however, it has been reported2 that much of the original 
transmission can be restored by polishing. MgF2 is much more chemically 
stable. 

An additional restriction on optical components is imposed by de- 
creased reflectivity of metallic surfaces with decreasing wavelength. 
For aluminum, which is widely used as a reflective coating, reflectivity 
decreases sharply below about 1800 Ä.  For new, clean aluminum surfaces, 
reflectance decreases nearly linearly with wavelength from about 0.80 at 
1800 Ä to about 0.10 at 1100 A5. Reflectivity is further degraded by 
aging of the coating. Thin coatings of the reflecting surface with 
MgF2 serve to protect the surface from abrasion and chemical action and 
increase the reflectivity. When several mirrors are to be used in an 
optical arrangement for the wavelength region around 1200 Ä, they are 
normally over-coated with a layer of MgF2 (or LiF) several hundred A 
thick5. For a 3-mirror system, a gain in reflectivity by a factor of 30 
can be realized. Such a gain can be significant at the low intensity 
levels normally measured in vacuum ultraviolet spectroscopy. 

To perform an experiment at wavelengths below 2000 A, where air 
absorbs strongly, the air in the optical path must be eliminated by 
evacuation or by purging with transparent gases such as helium (He). 
Between about 1750 A and 1950 A, absorption is due primarily to the 
Schumann-Runge band system of O2. Merged with the band system is the 
strong Schumann-Runge continuum which extends to below 300 A, with a 
transmission window between 1100 A and 1300 A4. Atmospheric nitrogen 
is completely transparent down to 1450 A and absorbs only weakly down 
to LiF cutoff. It also has a transmission window between about 1100 A 
and 1300 A. 

If the VUV radiation of interest is to be recorded photographical- 
ly, specially-prepared films must be used. Special measures are neces- 
sary because the gelatin used as a binder of the photosensitive crystals 
begins to absorb strongly below 2265 A.  Commercial films with low 
gelatin content are available from several manufacturers for use through- 
out the vacuum ultraviolet. These films are very sensitive to abrasion 
and have a very slow photographic speed, ASA ^50. As an alternative, 
strongly-fluorescing agents are commercially available which convert the 
UV radiation to the visible where fast, readily-available films with 
high photographic speeds (ASA 'v 1250) may be used. Commercially-avail- 
able sensitizing agents suffer from the disadvantage that a special 
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agent is needed to remove the sensitizer from the film prior to develop- 
ing. Highly fluorescing oils, which are widely-used, also suffer from 
this disadvantage. Additionally, in a vacuum environment, the oil 
evaporates from the film resulting in decreased sensitivity, and, in all 
likelihood, would degrade performance of the optics by fouling. An at- 
tractive, readily-available sensitizer for the VUV is sodium salicylate. 
Dissolved in a solution of water and methyl alcohol it can be applied 
easily to the film surface. When applied properly, the solution dries 
quickly and will not soften the gelatin binder enough to cause it to 
crack upon drying. Consequently, the sensitized films are tough, rela- 
tively insensitive to abrasion, and can be subjected to vacuum conditions 
without harm to optical components and without loss of sensitivity. 
Sodium salicylate also has a nearly constant quantum efficiency over the 
entire UV wavelength region and fluoresces in the blue where many common 
films are sensitive. In addition, it is highly soluble in water and can 
be easily removed from the film prior to processing it in the usual 
manner. 

III.  EXPERIMENT 

A. Experimental Apparatus and Technique 

To generate the high-temperature, shock-layer flow, the BRL expansion 
tube6, shown in schematic in Figure 2, was used. Steady, hypersonic, 
high energy flows of selected test gases, initially isolated in the 
driven section by the primary and secondary diaphragms, were generated 
by unsteady expansion to flow over a 1-1/2 inch diameter sphere model as 
shown in the lower portion of Figure 2. Free stream velocities were 
17,000-20,000 ft/sec for densities known from other measurements to be 
comparable to the density at an altitude of ^ 90,000 ft. Since only 
qualitative emission characteristics were of interest, no closer control ,; 

of free stream conditions or measurement of them was necessary. Com- 
mercially-pure test gases used were: argon (Ar), nitrogen (N2), and N2 
diluted, with Ar (85% Ar: 15% N2 by volume). 

The experimental set-up is shown in Figure 3. The major component 
of the optical system, the Seya-Namioka vacuum monochromator7 (spherical 
reflecting grating, 13 A/mm, f/11) (Figure 4), was modified by a film- 
holder made with the film plane fixed tangent to the Rowland circle for 
specular reflection of the entrance slit image (so-called 0A setting). 
Although the grating is used off the Rowland circle, the Seya-Namioka 
mount insures that the focus is on or very near the circle for the 
operating range of the instrument (0 Ä - 4500 Ä); thus the need for 
precise adjustment of the film plane location is relaxed. 

The spectrograph was coupled to the expansion tube test section 
with a short section of flexible TYGON tubing and the entire volume up 
to the test section window was evacuated to ^ 20 yHg. Lower vacuum 
levels were not necessary for this experiment. For this simple arrange- 
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ment, the 1 cm thick LiF window and the MgF^ over-coated concave grating 
were the only components in the optical train. 

Since spatial resolution of the sphere's shock layer (see the dis- 
cussion in Section III. B.) is not a factor in this experiment, radiation 
from the shock layer was not focused. Nor were spatially-separated slits 
placed along the line-of-sight to reduce the field of view of the grating 
The field of view was controlled solely by the width of the spectrograph 
entrance slit and by the distance of the grating from the centerline of 
the test section. A region about 9/16-in. long was viewed on the axis 
of the model — approximately a factor of four greater than the shock 
standoff distance for the conditions of the experiments.  Large slit 
widths (100 - 200 u) were used to admit as much radiation as possible. 

For resolution of radiation from the shock layer, the use of a LiF 
lens would improve spatial resolution; and it would increase the inten- 
sity of light at the entrance slit of the spectrograph many-fold despite 
the loss due to transmission through an additional optical component. 

B. Radiation Emitted in the Expansion Tube-Spectrograms 

Time-integrated spectrograms were made of VUV radiation during runs 
in the expansion tube. Radiation was recorded on high speed film sensi- 
tized as described in Section II. Since no shutter is used, radiation 
from several causes may expose the film. An inspection of Figure 2 
shows these possible causes and their order of occurrence from right-to- 
left as time passes: the residual air compression-heated by the shock 
wave which propagates into the partial vacuum of the expansion section 
after the secondary diaphragm opens; the high energy gas (shock-heated 
air and test gas) which is compression-heated in the bow shock of the 
model; and the products of the combustion driver. Making runs with, and 
without the model showed that the film was exposed only when the model 
was used. These results indicate that radiation prior to and following 
the flow of the test gas over the model does not expose the film. 
Several runs were also made with air in the spectrograph to check for 
ghosts; no exposure was seen. Hence, only VUV radiation exposed the 
film and it was emitted during the 50-100 ysec6 the test gases and im- 
purities flowed over the model. This radiation was emitted from the 
equilibrium and nonequilibrium regions of the shock layer.* 

*For hypersonic flow past the model,  the gases are first heated instan- 
taneously in the compression shook and then relax to equilibrium in the 
shook layer.    In general, equilibration proceeds according to the fol- 
lowing ordering of relaxation times for translation, rotation,  vibration, 
dissociation, and ionization:  xtpme *  V < t^ < t^ < T^^. 

Since the vibrational energy levels of the Birge-tiop field band system 
lie above the N* dissociation energy of 9.74 ev (see Figure 1), 
Birge~Hopfield emission is necessarily nonequilibrium emission. 
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Spectrograms covering an interval from several hundred Ä units 
below LiF cutoff to about 1800 A (near air cutoff) were made for shock 
heated Ar, N2, and Ar-N2» This wavelength span allows impurity and other 
radiation of interest to be recorded and allows visual observation (down 
to LiF cutoff) of the region where one might make photometric measure- 
ments in the tail of the Birge-Hopfield band system. Weak lines on the 
film were seen when using the Ar-N2 mixture; these are thought to be due 
to Birge-Hopfield and Lyman-Birge-Hopfield emissions8. However, these 
lines were not discernible at all when pure N2 was used as test gas. 

Sample spectrograms are shown in Figures 5 and 6. Noteworthy in 
these figures is the astigmatic image which is approximately 2.5 times 
the height of the entrance slit. This characteristic of the concave 
reflecting grating at large angles of incidence will be discussed in 
Section IV. Also noteworthy are the reference images from an elec- 
trode less discharge lamp (see Figure 3) containing krypton (Kr) gas and 
trace amounts of carbon monoxide (CO). The Kr resonance lines, 1165 A 
and 1236 A^ supplemented by prominent band heads of the fourth positive 
system of CO9 (^1450 A - 1950 A) provided a good light source for 
exploratory work in the VUV and known wavelengths for indexing the 
spectrograms. 

IV.  DATA REDUCTION AND DISCUSSION 

A.  Characteristics of the Seya-Namioka Grating Mount 

Some of the results and conclusions of this work are seen more 
clearly in the light of the elementary theory of the spherical concave 
grating and its Seya-Namioka mount found in textbooks on experimental 
spectroscopy such as Samson5 and Sawyer10. The theory of the concave 
grating has been treated in detail in papers by Beutler11and Namioka7>12. 

The Seya-Namioka monochromator is so constructed that: a0=$o=35° 
15' (Figure 4) and both slits lie on the Rowland circle. With the 
grating positioned so that a = a0, light incident on the grating is re- 
flected specularly and a white light image of the entrance slit is seen 
at the exit slit. This is the central image position. Due to the con- 
struction of the Seya-Namioka monochromator, the entrance slit remains 
focused at the exit slit within a fraction of a millimeter over the 
SDectral ran?e of t.hp inst-riiTn^nt ffi Ä - A^nn SA        Be^innine at the 
central image position (0 A), this range is scanned during a 20° clock- 
wise rotation of the grating about its axis (normal to the Rowland 
circle). 

As mentioned earlier, the spherical concave grating mounted in this 
way has the optical aberration of astigmatism. That is, for a vertical 
entrance slit and vertical rulings, each object point on the illuminated 
entrance slit is imaged first as a vertical line and then as a horizon- 
tal line. Image distances for the concave reflecting grating (r* for 
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the horizontal image and s' for the vertical image) are given in terms 
of the angles of incidence and dispersion, a and 3 respectively, and 
the object distance, s, by the astigmatic mirror equations 

cos^ a 
s 

cos ot| 

R J 
cos2 $  cos ß 

R 
= 0 CD 

fi- 
ts 

cos  a|     f1_  cos g 
R J    \r'    R = n m 

Here R is the radius of curvature of the concave grating. The horizon- 
tal image is located much farther from the grating than the vertical 
image used here. 

Each astigmatic image is a superposition of the image lines. The 
horizontal image is very large and is generally not used.  The vertical 
image has a total height given by 

z = A     + L Tsin23 + sin a tan a cos 33 . (3) 

Here I  is the length of the entrance slit and L is the length of the 
ruled lines illuminated. Astigmatic images are, in general, curved due 
to astigmatic curvature and enveloping curvature; and, for the most 
intense lines in this experiment, the curvature is accentuated by turbid 
exposure of the film.  (See for example the strong 1236 A Kr line 
relative to the weaker 1165 A line.) 

For this experiment, the monochromator was modified for use as a 
spectrograph as described in Section III. Examination of the spectro- 
grams indicates that focus was satisfactory here over the full range of 
the film (y  800 A) for the monochromator so modified. Wavelength dis- 
play on the film is governed by the grating equation. 

A = d/m [cos a + cos 3] (4) 

where A is the wavelength of the dispersed light, d is the separation 
between adjacent rulings on the grating surface and the sign convention 
of a itirror is used for a and ß. The plate factor for the grating — 
the reciprocal linear dispersion (A/mm) — can be obtained by differen- 
tiating Eq. (4) for a = constant and assuming that Vh = RV3 on the film 
(this condition holds on the Rowland circle) so that in the limit 
dX/dh s cos 3/[mR(l/d)J. We see that the plate factor and wavelength 
both increase in the direction of the arrow in Figure 4. Clearly dis- 
persion is nonlinear in 3 and is nearly linear only in the vicinity of 
the grating normal (3^0). Although dispersion is a nonlinear function 
of 3, it changes slowly for the spectral region of interest (3 * 50°). 
11     WHS     -LUUilU     UIlclL-     WäVClCIlgLIl^     LUU1U     UC     UCtCIUllllCU HJ wj.niJ.11 a   ACW 

units by fitting a linear dispersion to each 400 A segment of the 
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spectrograms. However, wavelengths determined in this way were not 
accurate enough for OUT purposes and were used only for tentative 
identification. 

B. Measurement of the Spectrograms 

The spectrograms were read on an optical stereocomparator with an 
absolute accuracy of lOu. Direct comparison of the spectrograms was not 
possible because of film stretching. However, stretching caused no 
Problem when determining the wavelength of unknown emissions since they 
were calculated by linear interpolation between closely-spaced reference 
wavelengths. This method of reduction yielded unknown wavelengths 
accurate to tenths of an A unit.* 

Initially only the Kr resonance lines were known.  Later, the other 
reference emissions were identified, at first tentatively by the lineaT 
dispersion relation mentioned in the previous section, then more posi- 
tively by the manufacturer's disclosure that CO contamination of the Kr 
gas occurs with use. The CO is apparently a residual from manufacture 
of the lamp's glass envelope. Emissions are from its fourth positive 
band system, the ground state transition A *ir •*-> X 1Z+. Most of the 
listed band heads were observed on other films using the calibration 
lamp. Band structure degraded to the red was seen for an older, more 
contaminated lamp.  Several of the more prominent band heads can be 
seen in Figures 5-6 — the origin of the heads are indicated in paren- 
theses. Others are not visible on these reproductions. Since the lamp 
was farther from the grating these reference images are shorter. 

Knowing these reference wavelengths, a wavelength was computed for 
the other emissions seen on the spectrograms by linear interpolation, 
which is certainly valid for short wavelength intervals. The wavelengths 
determined in this manner were then compared with known wavelengths listed 
in tables of emission characteristics13~15for identification with a par- 
ticular element. In this way, the lamp's reference wavelengths were 
augmented by several impurity lines for which identification was consider- 
ed positive; for example, most emissions characteristic of Sill and CI 
were found (see Figures 5 and 6) — several of them listed as persistent-- 
while only a few were obscured by emissions from other elements.  (I, II, 
etc. designate an element's atom, first ion, etc.) From this smaller 
wavelength interval of precisely-known wavelengths, more impurity lines 
could be identified and possible impurity elements investigated; e.g., 
those associated with the windows (B, Si, Li, F, Mg, etc.); common to 
the walls and diaphragms; and other sources such as pump oils, and 
cleaning materials and agents. Several of these impurities were also 
^ound in shock tube experimentation16. 

*This accuracy is based on constant reading error from line-to-line for 
the same observer.    It may not be valid for the more intense lines  — 
see discussion after Eq.   (Z)s Section TV.A. 
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Despite the small separation between wavelengths used for reference, 
identification of some of the wavelengths with an emitter is uncertain 
for two reasons. First, wavelength data are scarce and not as accurately 
measured in the VUV. The scarcity of data can be attributed to the dif- 
ficulty of working in the VUV. Accuracy of wavelength measurement — 
often no better than several tenths of an A unit — is mainly limited by 
the physical size of vacuum spectrographs relative to those used for mea- 
surements in the visible spectrum. Second, several elements known to be 
possible impurity elements may emit in a wavelength interval within the 
accuracy of the wavelength determination. Although it is unlikely that 
all listed emissions for an element will be obscured by other emissions, 
positive identification cannot be made when only a few characteristic 
wavelengths are observed. 

In addition to the impurity emissions mentioned above, it is felt 
that ion emissions for Aril, AllI, Mg III, and NailI were positively 
identified. Other possible emitters which were less positively identi- 
fied are shown on Figures 5 and 6; others are: AI, Ar, Fe, Fell, Lill, 
and Call. A few emissions were not identified, perhaps because spectral 
emission tables for the VUV are scarce or incomplete. 

Of the elements considered in the original expansion tube3 only 
iron (Fe) and the iron ion (Fell) were identified, but not conclusively 
since several emissions which would not be obscured by other radiation 
were not seen. This leaves unsubstantiated the assumption of high iron 
ion concentration used in estimating impurity number density in Refer- 
ence 3. No conclusions regarding chromium can be drawn because only 
states too energetic for this shock-heating mode of excitation (doubly 
and triply ionized Cr) fall in the wavelength interval of these spectro- 
grams. CN radiation, prominent in Reference 3, may have been seen here 
in the J *h. •*• A ^TT^ system, however, other radiation coincided with 
each band head precluding more positive identification. 

The regions of interest for photometric measurements are indicated 
on Figure 6; they are the Birge-Hopfield band system of N2 (above LiF 
cutoff) and its less energetic Lyman-Birge-Hopfield band system. Film 
exposure seen  within the bracketed regions could not be identified with 
impurities. Exposure due to this radiation like some of the other weak 
exposures can only be seen on the original films. 

It was observed on several films that the intensity was consistent- 
ly greater when pure Ar was used. This result should be expected for 
the same flow conditions since the temperature of the purely monatomic 
test gas is expected to be higher. In the Ar-N2 8as mixture, energy 
goes into exciting and dissociating N2 molecules. As a result of the 
higher temperature, the intensity of radiation from the ionized species 
should be greater. 
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V.  SUMMARY AND CONCLUSIONS 

Spectrally-resolved radiation from shock-heated gases has been 
recorded photographically in the vacuum ultraviolet region of the spec- 
trum from LiF cutoff to beyond air cutoff on high speed film sensitized 
with sodium salicylate. Sodium salicylate is widely used as a wavelength 
converter, but its role as a film sensitizer has not been emphasized. 

One of the possible disadvantages of this combination, especially 
for applications such as interferometry. is that the sensitizer/high 
speed film combination has lower resolution than slower films. However, 
for this experiment, it was found that the photographic speed of con- 
ventional high resolution films for this spectral region was too low. 
Since energy densities in this experiment are higher and exposure times 
(50-100 ysec) longer than those available for photography of a dynamic 
shock wave, concessions must be made to accept lower resolution. In 
addition, a very high intensity continuum backlight is indicated and all 
optics must be coated for efficient reflection in this spectral region. 

The astigmatic image formed by the Seya-Namioka instrument is not 
detrimental for photometric measurements, especially if the slit height 
and illuminated height of the grating are kept small (see Eq. (3)). 

For hook-fringe interferometry, image quality is important. If an 
interferometer were optically-coupled to the Seya-Namioka spectrograph, 
fringes from the interferometer, focused at the spectrograph's entrance 
slit, normal to the slit jaws, would not be preserved in the exit plane 
of the vertical astigmatic image because of image overlap (see earlier 
discussion in Section IV). Fringes would be preserved for the horizon- 
tal image, uut since spectral range is very limited anu tue image uis- 
tance is large (see Eq. (2)) — both conditions dictating a very large 
evacuated film box — this possibility is primarily of academic interest. 

The total impurity level for the expansion tube appears to be on 
the order of one hundred parts per million for both the unmodified3 and 
modified17 operating cycles, although relative concentrations of the 
impurities appear to be different. In the modified expansion tube, 
Spurk and Gion3 reported that iron, chromium, and CN emissions were all 
less intense than those recorded in the original expansion tube. How- 
ever, in the original cycle, CN radiation was quite prominent, because 
Mylar secondary diaphragms were used.  In this experiment, aluminum atom 
and ion emissions were prominent since the secondary diaphragms were 
made of aluminum. 

Since photomultiplier measurements are orders of magnitude more 
sensitive than the film, it is important to identify the areas in the 
region of interest where impurities do not emit. Based on the findings 
of these experiments, it appears that unambiguous photometric measure- 
ments can be made for Birge-Hopfield radiation above LiF cutoff for the 
conditions described. 
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The absence of lines between LiF cutoff and -v 2000 A for tests in 
pure N2 is a little surprising. It may only be concluded that N2-N2 col- 
lisions have a different efficiency and overall effect on the relaxation 
of N2 than do Ar-N2 collisions. [Rate constants for these reactions are 
not very well known.] In addition, the absorption characteristics of the 
pure N2 shock layer are evidently quite different, since impurity emis- 
sions, which were seen at the higher wavelengths for both the Ar and Ar-N2 
runs, were not seen for pure N2 runs at the same initial conditions. 
However, it should be remembered that the situation is complicated in 
each case by a different initial shocked-gas temperature, in addition to 
different dominant collision partners. 

Atom and first ion emissions fiom argon have also been identified 
in this region. These high energy transitions, normally not included in 
computation of high temperature indices of refraction, internal partition 
functions, and radiative heat transfer, can have a noticeable effect18. 
This situation exists because experimental data — even wavelength data 
for common elements -- are scarce in this spectral region. Many tabulat- 
ed wavelengths are computed from isoelectronic sequences. 
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